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Abstract A new instrument to 
carry out complex viscosity mea- 
surements in equilibrium and in a 
steady shear flow has been 
developed. A small amplitude har- 
monic excitation is superimposed 
orthogonally to the steady shear 
rate component. It is realized by a 
thin-walled cylinder, which oscillates 
in the axial direction in a rotating 
annular cup. The cylinder is 
suspended from a spring and guid- 
ed by an air bearing. The spring, 
which itself is attached to an axial- 
ly oscillating exciter, has been 
designed especially for a low linear 
and a large torsional spring 
constant. The motion of the 
cylinder and exciter is recorded and 
analysed. The applicable frequency 
ranges from 0.001 up to 50 Hz, the 
steady shear rate from 0.001 up to 
100 s -1 and the oscillatory shear 
amplitude from 3 down to 0.003. 
The temperature can be set and 
controlled between 5 ° and 70°C. 
The instrument is suited for 
viscosities in the range from 
0.3 mPas up to 1 Pas. Considering 
this, the range and sensitivity with 
respect o existing instruments has 
been extended significantly. Besides 
a description of the instrument 
much attention has been paid in 
this paper to the theoretical 
background of orthogonal super- 
position in frames of the simple 
fluid theory. Also the measurement 
range and calibration of the instru- 
ment as well as the accuracy of the 
obtainable results are discussed. At 
last some demonstration measure- 
ments on both a polymer solution 
and an ordering latex dispersion are 
presented. 
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Introduction 
The viscoelastic properties of non-Newtonian fluids, like 
dispersions and polymers solutions depend strongly on 
the internal structure. For polymers, the molecular weight 
and configuration of the molecule chains are important 
parameters. In the case of, for instance, polystyrene latex 
dispersions the fluid consists of small charged polysty- 
rene micro spheres dispersed in water with the addition of 
salt. At low excess alt concentrations the micro spheres 
tend to crystallize in an ordered matrix due to their 
mutual repulsion, and the fluid is mainly elastic at equi- 
librium, while at moderate concentrations the elastic 
properties lessen due to the weakening of the crystal. 
In order to characterize such complex fluids without 
changing the micro structure, the response of these fluids 
to small harmonic shear deformations i studied. In the 
past, techniques have been developed for the study of 
fluids by this so-called ynamic method (see for instance 
the paper by Oka (1960) and more recently Whorlow 
(1992) and Matin (1988)). 
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Under flow conditions the microscopic structure of 
the fluid may change. In the case of a polymer solution 
the molecule chains are stretched ue to the applied shear 
deformation. In an ordered latex dispersion the crystal 
structure might break down into small fragments. It is ex- 
pected that in both cases a change in the viscoelastic 
properties will occur. 
In order to study the linear viscoelastic properties of 
a complex fluid while it is in a steady shear state a new 
torsion pendulum apparatus was developed by Van den 
Ende et al. (1992) a few years ago. With this apparatus a 
small amplitude shear deformation is superimposed par- 
allel on a steady shear flow. This instrument operates at 
discrete frequencies, 86, 283, 739 and 2440 Hz. 
Experience with ordered latices, gelling materials and 
polymer solutions hows that it is of interest to extend the 
frequency range to lower frequencies (0.01-10Hz).  
Apart from the frequency, the direction of the oscillatory 
shear deformation with respect o the steady shear flow 
can be an important aspect. Experimental considerations 
show that the development of a parallel superposition i - 
strument for the low frequency range is much more com- 
plicated than an orthogonal superposition instrument. 
Besides, theoretical considerations show that the inter- 
pretation of the measured orthogonal complex shear 
modulus is less complicated as it is directly related to one 
material function in contrast to the parallel shear 
modulus which is related to two non-distinctive material 
functions (see for instance Huilgol (1975)). 
Thus it was obviously necessary to develop an ortho- 
gonal superposition instrument. The principle of this 
apparatus dates back to the papers of Philippoff (1934), 
Birnboim and Ferry (1961) and Smith and Ferry (1949). 
They built instruments in which a cylindrical rod oscil- 
lates harmonically in a concentric annular beaker, con- 
taining the fluid under investigation. This arrangement 
with a massive oscillating eometry is called the annular 
pumping or Birnboim geometry. Via a mechanical or 
electrical impedance measurement the complex viscosity 
could be determined, however, it was not possible to 
simultaneously apply a steady shear flow to the sample. 
Simmons (1966) developed an instrument in which small 
amplitude shear deformations could be superimposed 
orthogonally on a steady shear flow. This was accom- 
plished with a thin-walled cylinder oscillating axially in 
a concentric annular rotatable sample holder. Due to a 
special construction of this instrument with an "open 
end bottom;' there is no annular pumping. A drawback 
is the rather large amount of sample needed (from their 
data we estimate this to be about 150ml). Tanner and 
Williams (1971) improved the instrument by changing the 
geometry to an annular pumping set-up, thus increasing 
the mechanical impedance and improving the sensitivity 
of the instrument. Mewis and Schoukens (1978) built a 
similar instrument also with an annular pumping geome- 
try. 
In our group the properties of, amongst others, not 
too concentrated aggregating latex dispersions are stud- 
ied. This system was used as a reference to set design cri- 
teria for the instrument. They concern the ranges of the 
deformation amplitude, frequency, viscosity and shear 
rate. The harmonic oscillations hould not break up the 
structure and so the amplitude of the harmonic shear de- 
formation (y) must be very small and a lower bound of 
approximately 0.002 is required. The frequency must 
range from 0.01 up to at least 10 Hz, and over this full 
range, viscosities from 1 mPas up to 1 Pas must be mea- 
sured with an accuracy of 5% or better. The maximum of 
the shear rate (3~) we require is of the order of 10 s -1. 
In order to meet our criteria it is not possible merely 
to copy an existing instrument, but a new one has to be 
developed. The outline of this new instrument is shown in 
Fig. 1. 
The apparatus consists of a thin-walled cylinder which 
oscillates harmonically in the axial direction in an annu- 
lar cup which is filled with the fluid under investigation. 
This arrangement resembles the geometry of the instru- 
ment developed by Simmons (1966), however, now with a 
closed bottom. The harmonic deformation of the fluid in 
the cup consists of a homogeneous shear component and 
a small annular pumping component due to the displace- 
ment of fluid by the thin-walled cylinder. The cylinder is 
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Fig, 1 Schematic outline of the instrument. 1) Exciter, 2) LVDT 
detectors, 3) spring, 4) air bearing, 5) measuring cylinder and an- 
nular sample holder 
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suspended from a spring, which in turn is attached to an 
exciter. The spring has been specially designed to obtain 
a relatively low spring constant in the axial direction and 
a large torsional stiffness. The cylinder is guided axially 
in the vertical direction by an air bearing. A steady shear 
flow orthogonal to the oscillatory deformation is simulta- 
neously applied by rotating the annular cup. The method 
of measurement is based on the determination f the am- 
plitude ratio of the harmonic exciter and cylinder signals 
and the phase difference between these signals. From 
these data the fluid impedance Z* is calculated from 
which the dynamic shear modulus G* (~), co) or the com- 
plex viscosity J/* (?), co) can be deduced. 
In the paper of Tanner and Williams (1971) the theory 
for the orthogonal superposition is derived, however, with 
the assumption of a K-BKZ constitutive equation. As far 
as known there is no derivation of the relation between 
the fluid impedance Z* and G* (?),co) from the more 
general simple fluid theory, therefore in the next section 
the theory describing the measuring method of the instru- 
ment is derived. This section is divided in two subsec- 
tions. In the first subsection a treatment is given to ex- 
press the fluid impedance Z*, in terms of the complex 
shear modulus G* 0),co). In the second subsection the 
dynamics of the instrument is considered and expressions 
are derived for the above-mentioned phase differences (~) 
and amplitude ratio (R) in terms of the impedance Z*. 
Combining these two relations eventually leads to a rela- 
tion between the measured values of (R, ~0) and the shear 
modulus G* (?),co). In the third section the instrument 
itself, i.e., mechanical construction and electronics, is de- 
scribed in more detail. In the fourth section, the calibra- 
tion and accuracy of the instrument are described. In the 
fifth section results of measurements on Newtonian and 
non-Newtonian fluids are presented. The paper ends with 
a short discussion of the results and some concluding 
remarks in the last section. 
Theory 
Relation between the shear modulus 
and the fluid impedance 
In order to obtain an expression for the fluid impedance 
Z* in terms of the complex shear modulus G~_ (?), co) the 
flow field in the gap has to be calculated. This calculation 
consists of four parts. Part I concerns the application of 
simple fluid theory using material functions in order to 
get an expression for the memory function G~ (~, t). In 
part II expressions for the stresses, which make use of this 
memory function, are inserted in the equation of motion 
which leads to a differential equation describing the flow 
in the gap. In partI I I  the force on the cylinder is 
calculated and this leads to a formal expression for the 
fluid impedance in terms of the complex shear modulus 
G* 0), co). In part IV a simplification is introduced by 
approximating the radial geometry by a two-dimensional 
geometry. Finally, a series expression is derived for the 
fluid impedance Z* in terms of G*± 0),co). In order to 
simplify the nomenclature the "±"  index will be omitted 
in the further analysis. Unless otherwise indicated it will 
be assumed that with G*, r/* or G the orthogonal quan- 
tities G* (~,co), I/~_ (?),co) or G_~ (?),t) are meant. 
I) The shear flow in the gap due to the rotating cup is 
considered as a viscometric flow, on which a small ampli- 
tude oscillatory flow is superimposed orthogonally. This 
results in a nearly viscometric flow as defined by Pipkin 
and Owen (1967). For such a flow the stress can be ex- 
pressed as 
T(t) = - (p0 +/~(t))~+ °T+ Tf(t) , (1) 
where (-p0d+°_T) is the purely viscometric part and 
( -p ( t )~+ if(t)) the nonviscometric oscillatory part of 
the stress (see Schowalter, 1978). The nonviscometric 
deviatoric stress 7" can be written as 
?(t)-- ~ K(°Et;s):E~t(t-s)ds. (2) 
- -Co  
Here E_t(t-s ) is the strain tensor at time t - s  relative to 
time t, °Et( t -s  ) its viscometric part and Ef t ( t -s )= 
Et(t -s) -~E=t(t -s)  its oscillatory part. K is=a fourth 
order tensor and the: indicates a double contraction. Here 
the notation used by Van den Ende et al. (1992) is follow- 
ed. They discussed the same problem for parallel super- 
position. For our cylindrical geometry the flow field ex- 
pressed on an orthogonal cylindrical basis {_%, e_ r, ez} is 
given by 
(t') = ~o (t) + ( t ' -  t)f(r)  
r(t') = r(t) 
z(t ')  = z(t) + ~ (t', r ) -  ~ (t, r) . (3) 
Here f (r)  is the angular velocity at a distance r from the 
axis. Furthermore ((t, r) represents he axial displacement 
at r on time t due to the harmonic oscillation. Evaluation 
of the relative strain results in 
°Et(t-s)  = --~sy(e_re_~oq-e_rpe_r)+ s2?)2 e_re_r (4) 
and 
E_-t(t-s)= ~ O (~(t-s,r)-~(t,r))(eze_r+erez) , (5) 
where 2) = rSf /Or is the steady shear ate, which is slightly 
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r-dependent. The base vectors _e r and _e¢ are considered at 
time t. For the calculations the Tz~ and Tzz component of 
the stress are important as they determine the axial com- 
ponent of the fluid motion. First the viscometric part is 
considered and it follows that °Tzr= 0 because 
(°Et)zr = 0, but °Tzz is not necessarily equal to zero due 
to eventual normal stress differences (see Schowalter, 
1978). So in the viscometric ase Tzz = -po+°Tzz and 
Tzr=O. The oscillatory parts are calculated from 
Eqs. (2), (4) and (5). Using the symmetry relation 
Kzrzr = Kzrrz (see Huilgol, 1975) a memory function 0 
can be defined by: 
6(~),S) ~- gzrzr(~,s ) -  •(s)" ? Kzrzr(~),s')ds' . (6) 
II) Now expressions will be given for the stresses in the 
z-direction. From Eq. (6) an expression can be given for 
the shear stress in the z-direction due to the radial defor- 
mation profile: 
(7) 
From the relation Kzzzr = Kzzrz = 0 (see Huilgol, 1975), 
one obtains Tzz(t)= 0 so: 
T~z(t) = -Po  + °Tz~ + p( t )  . (8) 
Considering a ring-shaped fluid element with volume 
27rrdrdz, the equation of motion in the axial direction 
for this ring can be obtained from Eqs. (7) and (8), 
- - -  r ~ GO/,s) ( ( t -s ,r )ds P'ot -5((t'r) = r Or oo 
(9) 
In the viscometric case, in which ( -- 0, one observes from 
gq. (9) that 0 Tzz-P = 0 and so Ozz ~Tzz-p°) =Pg. 
Taking the Fourier transform of Eq. (9) the following re- 
sult is obtained: 
_co2p~(co, r )= l  0 ( rG,O) ,co)O~(o) , r ) l  013 
r Or Oz 
(10) 
where (denotes the transform of ((t) and/~ that ofp(t ) .  
The complex shear modulus, G * 0 ), co), is now defined as 
the Fourier transform of the memory function 00), t) as 
defined in Eq. (6). In the apparatus the gap width is very 
small with respect o the radius of the rotating cup. In 
that case and if the fluid is not extremely shear thinning 
the r-dependence of )) can be neglected and Eq. (10) 
reduces to: 
r Or r +k*2(= k*Z(p (11) 
with k* = (ogZp/ G*) ~/2 and (p = (Ol~/Oz)/(ogZp), which 
is a particular solution of Eq. (11) because the oscillatory 
part of the isotropic pressure/~ is independent of r. Equa- 
tion (11) is the differential equation which describes the 
harmonic flow in the gap. 
III) In Fig. 2 one side of the geometry of the fluid-filled 
gap is shown in cross-section. Here the gap width is 
displayed isproportionately larger than the radius of the 
measurement cup and cylinder. 
In the Figure a and d, and b and c are the inner and 
outer walls of the annular cup and cylinder, respectively 
and (c is the axial displacement of the cylinder. In the in- 
ner and outer gap the global characteristics of the defor- 
mation flow profile are sketched. Due to the harmonic 
motion of the cylinder there is an approximately inear 
shear deformation profile (upper drawing). In addition 
there is a pressure-driven counter flow, which is represent- 
ed by the parabolic deformation profile. The amount of 
A3 ~C A4 
5// 
- -~a .  ' b A5- ]  
> C> d 
Fig. 2 Cross-section of the measurement geometry with the flow 
profile. To conserve mass, the area A I+A2 must be equal to 
A3+A4+A5. Also the radii a, b, c and d are indicated 
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this counter flow depends on the thickness of the cylinder 
and the width of the gap and it is caused by the displace- 
ment of fluid at the bottom. The addition of both profiles 
yields the total flow profile shown in the figure. 
The differential Eq. (11) has to be solved in agreement 
with the boundary conditions, given by the no-slip condi- 
tion on the walls, 
~(a) = ¢(d)  = 0 
¢(b) = ¢(c) = ~c • (12) 
Another boundary condition results from the conserva- 
tion of fluid mass, i.e., the volume of displaced fluid in 
both gaps is equal to the volume displaced by the cylinder. 
From this condition the ratio Q--~p/~c can be deter- 
mined. 
Solving the homogeneous part of Eq. (11), one can ob- 
tain for a<_r<_b the formal solutions ~l(r) and ~2(r) 
which fulfill the boundary conditions: ~l(a)= 1, 
~l(b) = 0, ~2(a)= 0 and Ca(b)= 1. With these solutions 
and the particular solution the solution ~1 (r) of Eq. (11) 
which fulfills the boundary conditions (16) in the inner 
gap a<_r<_b is given by 
~l (r) = ~c(Q-Q~l (r)+(l-Q)~z(r) ) (13) 
For c<_r<_d the formal dimensionless solutions ~3(r) 
and ~4(r) for the homogeneous part of Eq. (11) are ob- 
tained which fulfill the boundary conditions: ~3 (c) = 1, 
~3(d) = 0, ~4(C) ----- 0 and ~4(d) = 1. The solution ~2(r) of 
Eq. (11) which fulfills the boundary conditions (12) in the 
outer gap c<_r<_d is given by 
(2(r) = ~c(Q-Q~4(r)+(l-Q)~3(r)) • (14) 
The final solutions ~1 and ~2 are equal to the total flow 
profile in Fig. 2. 
In Eqs. (13) and (14) the value of Q is still an unknown 
constant which has to be determined from the conserva- 
tion of mass: 
b d 
2n j ~1(r)rdr+2~(c i rdr+2n j ~2(r)rdr = 0 . (15) 
a b c 
In order to evaluate Eq. (15) the following integrals are 
defined: 
b b d 
I 1-= j ~l(r)rdr, 12= J ~2(r)rdr, I3~ j ~3(r)rdr and 
a a c 
d 
[4--= j ~4(r) rdr  • 
c 
(16) 
Substitution of Eq. (13) and (14) in Eq. (15) gives with the 
application of Eq. (16) 
I2+13+(c2-b2)/2 
Q = 11 +i2+13+i4_(d2 c2+b2 a2)/2 . (17) 
Now it is possible to calculate the total axial oscillatory 
force acting on the cylinder. This force/~fl consists of two 
parts, a shear force and a buoyancy force. The shear force 
Psh can be calculated by 
Fsh= 2nLG* (c O r=c-b O r=b) " (18) 
The oscillatory buoyancy force Fb = - n (C 2 -  b2)L (OlO/ 
Oz) is given by 
I~ b = - Tr(c2-b2)L602pQ~c . (19) 
Here L is the length of the fluid column along the cylin- 
der. Besides this there is also a stationary buoyancy force 
due to the viscometric part of the flow, 
F~ star) = •(c2-b2)Lpg . (20) 
This force determines the equilibrium position of the 
cylinder and has no influence upon the calculation of the 
impedance. 
The complex impedance Z* is defined as 
Z* = -fff/Vc, where ~)c = io)~c is the axial velocity of 
the cylinder. Z* is calculated using Eqs. (18) and (19) 
Z* - 2nLG (c2_bZ)k.2Q+b__~l/~ c 
io) r=b 
-C~r~2/~c r=e)"  (21) 
With Eq. (21) the relation between Z * and G * has been 
obtained formally. If the solutions ~1 (r), ~2 (f), ~3 (r) and 
~4(r) are known, Z* can actually be calculated. 
IV) Formally the solutions ~i, with ie{ 1,2, 3, 4}, can be 
expressed in Bessel functions of the first and second type 
of order zero, J0 and Y0 respectively: 
~i(r) = aiJo(k*r)+ fli Yo(k*r) . (22) 
A full analysis of the problem in terms of Jo(k*r) and 
Yo(k*r) results in a rather tedious calculation. This 
analysis has been given by Markovitz (1952). However, 
the functions ~i can be calculated rather easily numeri- 
cally for given G*. Moreover for our geometry, where 
(b-a) = (c -d)~ a, the curvature of the cylindrical sur- 
face can be ignored and the homogeneous part of Eq. (11) 
can be approximated by 
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02 ^ 2~= 0 (23) 
In that case the functions ~i are given by 
(1 (r) - sin (k*(b-r)) (2(r) = sin= (k*(r-a)) 
sin (k * (b -a ) )  sin (k * (b -a ) )  
sin (k *(d-r)) sin (k *(r-c)) 
~3(r ) -  . , ~4(r) = " (24) 
sin (k *(d-c)) sin (k *(d-c)) 
while conservation of mass now leads to 
b d 
j (~ (r)dr+ (c i dr+ ~ (2(r)dr = 0 . (25) 
a b c 
This results for the ratio Q = (p/(c in 
Q = 
1 -cos  (q)+eq sin (q) 
2(1 -cos  (q))-q sin (q) 
with q=k*(b-a)  and e=--(c-b)/2(b-a). The impe- 
dance is calculated from Eq. (21): 
Z* = 2nL(b+c)G* 
i0)(b-a) 
× qZQ i - cos (q)+e + 
q sin (q) q sin (q) / t  
From this equation it is possible to calculate Z* if one 
knows G*, however, in the experiment Z* is determined 
from a measured phase difference (~0) and amplitude ratio 
(R), and G * has to be calculated. This is difficult with 
Eq. (27), because there is no unambiguous inverse relation 
G* (Z*). But since the apparatus operates in the so-called 
gap-loading limit, i.e., q~ 1, Eqs. (26) and (27) are devel- 
oped in powers of q2 which finally leads to: 
alp0)Z(b_a)2 ot2P20)4(b-a)4 Z*= UG* 1 
la) a o G* ao G .2 
°t3p30)6(b-a)6 ) (28) 
a 0 G .3 •. 
with 
U= 2nL (b+c) 
Ol 0 . 
(b-a) 
a0 = (4+ 12e+ 12e 2) 
al = (2+3e+ 1882)/15 
and 
a z = (11 +9e+9e2)/6300 
a3 = (7+3e+3e2)/189000 , 
(30) 
where e = (c-b)/(2(b-a)). 
The first order approximation, using only the terms 
with coefficients a0 and as, represents the gap loading 
approximation and gives a simple relation between G * 
and Z*: 
G* - i0) Z* t alp(b_a)20)2 (31) 
U ot o 
Also an expression for the second order correction term, 
using the a2 term, in case of nearly surface loading is 
derived: 
1 d G* = (p(b'a)20)2) -  (32) 
a o G* 
(26) Equation(31) is used in the further analysis, while 
Eq. (32) is used to check the gap-loading condition in the 
experiments, which is discussed in the fourth section. 
In the analysis the influence of the finite length of the 
cylinder, so-called end effect, is not considered in detail, 
but as long as the instrument operates in the gap-loading 
limit it can be shown by considering the Stokes equations 
for creeping flow that the shear stresses as well as the 
pressure gradients are proportional to i/* or G*. Thus the 
(27) end contributions to Z* are also proportional to G*, so 
they are absorbed in the geometrical constant U. From the 
calibration procedure, discussed in the fourth section, it 
will become clear that this effect is a few percent at most. 
(29) 
The impedance and the measured amplitude ratio and 
phase difference 
To obtain the relation between the impedance and the 
measured amplitude ratio and phase difference, in this 
section the equation of motion of the measuring cylinder 
is considered. The forces acting in axial direction on the 
cylinder are: the force exerted by the fluid FfT, the force 
exerted by the spring Fsp , the force due to damping in the 
bearing F d, the gravitational force Fg and the buoyancy 
forces Fo. In case no oscillation is superimposed, there 
are static forces only, which sum must be zero, 
F~stat) (stat) 
= 0 .  (33) 
When a small amplitude oscillation is present, the fluid 
force is given by 
F f l ( t )=-  ]' Z(~,s)~---(c(t-s)ds+F(b star) (34) 
-~  0t 
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where Z0), t) is the inverse Fourier transform of Z* 0 ), Co) 
as derived in the second section and F(b star) is the static 
buoyancy force as given in Eq. (20). Taking into account 
the mass of the spring m, the spring force consists of a 
(stat) - static and an oscillatory part: Fsp = Fsp +Fsp(t) where 
the oscillatory part is given by its Fourier transform 
G(Co)  = 
(Co/Cos) f (Co) =K 
s in (Co/Co,) 
(G-  cos (co/Cos)) (35) 
with K the spring constant and COs ~ (K/m) 1/2. Cm is the 
displacement of the exciter side of the spring and ~ the 
oscillatory displacement of the cylinder. In this equation 
the inertia of the spring is taken into account. The force 
due to the damping in the bearing is given by 
Fd= -DO~ 
0t 
In this equation D is the damping coefficient. The gravity 
force is simply 
Fg = - Mg , 
where M is the mass of the cylinder and the moving part 
of the air bearing and g the gravity constant. From 
Eq. (33) the equilibrium position of the spring is ob- 
tained, which can depend on ~. The displacement ffcis 
measured with respect to this equilibrium position. Now 
in the frequency domain the equation of motion reads 
_CO2MCc= K.  (('°/COs) (~m_~eCOS(CO/COs)) 
sin (Co/Cos) 
- iCo(D+ Z* )~ c (38) 
From Eq.(38) Z* can be expressed in Cm/Ce= Re/e, 
where R is the amplitude ratio between the exciter and 
cylinder signal and (0 is the phase difference between these 
signals. Applying these definitions leads to 
(Co/Cos) -~ ie 
iCoZ* = K - -  tt~e -cos (Co/Co~)) 
sin (Co/Co~) 
- iCoD+ CoZM (39) 
As discussed in the second section, Eq. (31) is applied and 
by inserting this in Eq. (39) it can be shown that G* is 
related to Re ie according to 
U(  °/C°s (Reie-c°s(co/cos)) - icoD) 
G* = Ksin (co/ cos )
M'  -t- - -  CO 2 (40) 
U 
with M'=M+pUal (b -a )Z /ao  . Here it has to be 
remarked that terms up to and including al are taken in- 
to account and higher orders are ignored. 
After calibration of the parameters cos, K~ U, D /U  
and M' /U,  Eq. (40) will be used to calculate G* and 
tl * = G*/(ico) from the measured phase difference p and 
amplitude ratio R. 
Description of the instrument 
Mechanical design 
Figure 1 gives a schematic diagram of the apparatus. In 
this diagram six important parts can be distinguished. 
These are: 
1) Exciter-unit, which is in fact the motor for the har- 
(36) monic motion. 
2) Displacement transducers tomeasure the cylinder and 
exciter motion. 
3) The spring attached to the exciter, which supports the 
cylinder. 
(37) 4) Air bearing which guides the vertical motion of the 
cylinder. 
5) Cylinder, annular cup and thermostat jacket assembly. 
6) Motor which is used to rotate the annular cup, not 
shown in Fig. 1. 
The exciter and displacement transducers will be dis- 
cussed in the next section. 
For the spring a special cylindrical zigzag lamella con- 
struction has been chosen. It is schematically shown in 
Fig. 3 and consists of circular lamellae which are con- 
Fig. 3 Schematic representation of the spring in projection 
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nected to the next lamella at two diagonal opposing posi- 
tions. The interlinking positions jump each time with 
n/2  rad. In this way units with four n/2  quarter circular 
lamella forming a link are connected to each other. 
Depending on the material, lamella thickness and 
width, and diameter, each link has a fixed spring 
constant, which can be calculated easily with engineering 
formulae, if one knows the Young's modulus of the mate- 
rial. Furthermore, by connecting a number of links 
together any arbitrary spring constant can be arranged, 
but practically the value ranges from 5 up to 1000 N/m. 
Due to the geometry, which has been obtained by spark 
corrosion of a tube, the spring is rigid with respect o a 
torque. This has the advantage that now there are no 
special interventions necessary to prevent rotation of the 
cylinder during a steady shearing experiment. The spring 
constant of our system is approximately 75 N/m and the 
torsional constant is 0.025 Nm/rad. Shear experiments 
can be carried out at maximum shear rate (100 s -1) with 
fluids with a viscosity up to 0.2 Pas. To avoid torsional 
overload of the spring with fluids with a larger viscosity 
in shear experiments, a rotation protection arrangement 
has been applied on the air bearing. In order to increase 
the sensitivity at low frequencies the spring can easily be 
exchanged by a type with a lower spring constant. The 
characteristic resonance frequency of the cylinder and 
spring system in air is approximately 7.3 Hz, and can be 
decreased in this way to a minimum of 2 Hz. 
The radial air bearing is necessary to guide the cylinder 
exactly in the vertical direction and fixing it radially. The 
bearing consists of two stators and a sliding shaft. The 
stators are axially aligned in a cylindrical housing and 
spaced with a distance of approximately 45 mm from 
each other. They are designed following the rules as given 
in Powell (1970). Some relevant data are listed in Table 1. 
The viscous damping of the air bearing has been mea- 
sured and is in good agreement with the theoretical 
estimation of the viscous air damping in the clearance be- 
tween stator and the sliding shaft. This damping is 
equivalent with the damping of a 0.03 mPas fluid in the 
measuring eometry. 
The cylinder has been made of commercially available 
stainless teel precision tubing. It is possible to disconnect 
it from the sliding shaft of the air bearing. The connec- 
tion is made with a fitting edge which is locked with a nut 
and screw thread system. Important o note here is that 
Table 1 Characteristic data for each stator of the air bearing 
Shaft diameter 8 mm 
Stator length 8 mm 
Gap width 15 txm 
Number of holes/ring 8 
Hole diameter 0.20 mm 
Excess pressure 1 bar 
Maximum radial thrust = 1.5 N 
the cylinder is suspended from three thin (1 mm) bars. 
The sample fluid level lies just at the position of the bars 
and in this way the influence of capillary forces due to ir- 
regular wetting is diminished. Dimensions of the cylinder 
are shown in Table 2. 
The annular measurement cup, which is part of the 
thermostat jacket assembly, fits closely on a hollow shaft 
which is driven by a pulley and motor unit in order to 
rotate the cup to apply a steady shear rate. The cup can 
be removed easily for the cleaning and changing of fluid 
samples. By a special through flow system using the 
hollow shaft, the inner as well as the outer wall of the an- 
nular cup can be thermostated very well within 0.05 °C. 
The annular cup has been constructed on a precision 
lathe with an accuracy of 5 ~tm. Some characteristic 
dimensions of the cup are listed in Table 2. As mentioned 
above, much care has been taken to align and position the 
cylinder as well as possible in the annular cup. Axial 
alignment is by estimation within approximately 0.02 mm 
correct, but the precision tubing itself is liable to manu- 
facturing inaccuracies in the radial direction of maximal 
+ 0.025 ram. 
The apparatus is mounted on a frame and the 
assembly of exciter, displacement transducers, pring and 
cylinder can be lifted with a pneumatic system in order to 
raise the cylinder out of the annular cup. This is necessary 
to supply and remove a liquid sample. Much attention 
was paid to the frame and guiding mechanisms in order 
to get a rigid construction. No special steps were taken for 
damping isolation of external (building) vibrations. 
Electronic design 
The electronic design is presented with reference to Fig. 4. 
In this diagram the main electronic detectors and com- 
ponents are shown schematically. From above to below 
the following components can be distinguished: 
The exciter which drives the spring and cylinder system 
is a mini-shaker (BruE1 & Kj~er, type 4810). The displace- 
ment of the cylinder and the exciter is recorded with 
Linear Variable Differential Transformer (LVDT) units 
Table 2 Numerical values of the dimensions of the inStrument 
Inner radius cup a 8105 mm 
Inner radius cylinder b 8.76 mm 
Outer radius cylinder c 8.99 mm 
Outer radius cup d 9.70 mm 
Gap width b-a  0.71 mm 
Cylinder wall thickness c -b  0.23 mm 
Cylinder length L 100 mm 
Cylinder mass M c 18 g 
Vibrating mass M 35 g 
Spring constant K 75 N/m 
Amount of sample needed 9 ml 
System resonance frequency 7.3 Hz 
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Fig. 4 Electronics in a simplified block diagram 
(Lucas Schaevitz, 050 HR). These devices have been 
chosen to attain a high displacement resolution. 
A through-flow thermostat system (Haake F-3 K) con- 
trols the temperature of the fluid in the jacket. A PRT-100 
is used to measure the temperature. 
A dc motor (Electro-Craft, S 19-1A/T), in combina- 
tion with a gear box (100:1 or 10000: 1) and belt, is used 
to drive the rotational motion of the annular cup. 
For the measurement and control-functions standard 
laboratory apparatus has been used. An exception is the 
control of the exciter, which is part of a closed loop con- 
trol unit in order to correct for non-linearities of the ex- 
citer. As a signal conditioner a two-channel PSD-detector 
with a common oscillator is used (Schlumberger 
CAH-911-001-8 D). This system has enough bandwidth 
(500 Hz), and has the advantage that due to the symmetry 
the influence of temperature gradients is minimized. 
Finally, a personal computer (Olivetti M240) is used to 
control the instrument and carry out the data handling. 
In this way measurements can be run without human in- 
tervention. 
The long time stability of the LVDT performance is
mainly determined by slow temperature fluctuations in 
the laboratory. To attain a small temperature dependency 
of the LVDT's, it appeared that the in situ measurement 
of the self-induction (L) and the electric quality factor 
(Q) of the primary windings was a feasible selection crite- 
rion. If the mutual differences in L were less than 0.5% 
and in Q smaller than 2%, the LVDT's did not dominate 
the temperature behavior of the instrument. 
The following temperature coefficients for the ampli- 
tude ratio and phase have finally been obtained: 
l dR ___  = 6 .10-5oc-1  
R dT  
ae 
< 5" 10 -6 rad/°C . (41) 
dT 
Here T is the temperature in the laboratory. In order to 
reduce the temperature differences between the LYDT's, 
a draught-screen has been applied around the LVDT's 
and the spring. This resulted in a reduction of the short- 
time noise with a factor 3 - 5. The characteristic mechani- 
cal noise in the amplitude due to vibrations, as measured 
with the LVDT transducers, is approximately 300nm. 
This was measured in the situation where the cup was fill- 
ed with ethanol. 
For each measurement exactly one sine period of the 
LVDT signals is sampled and stored. With a cross-correla- 
tion technique the amplitude ratio (R) and phase differ- 
ence (~0) between cylinder and exciter motion are deter- 
mined. Measurements can be performed for any number 
of sine wave periods. A special amplitude setting proce- 
dure is available to realize the desired cylinder amplitude. 
Some characteristic numerical data of the measurement 
system are listed in Table 3. 
Calibration and measurement range 
Calibration 
Earlier, Eq. (40) was given, which is used to calibrate the 
instrument. Rewriting this equation and considering the 
case of a Newtonian fluid with G' = 0 and furthermore 
G" = ~'co, this leads to: 
R cos (0 = cos (co/co s) - C 1 co" sin (co/cos) (42 a) 
R sin (0 = (C2~l'+C3)'sin (co~cos) = C0"sin (co~cos) ,
(42b) 
Table 3 Control and measure ranges for the experimental parame- 
ters 
Frequency 0.001 - 50 Hz 
Excitator amplitude 0.5 - 500 gm 
Rotation 0.0005 - 10 rad/s 
Sample temperature 5-70 °C 
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Table 4 Properties of the calibration fluids at 25 °C. The * in- 
dicates measurements carried out with an Ubbelohde (a)  
Fluid p r/ Reference 
[kg/m 3] [mPas] 
air 1.17 0.0185 Lide (1991) 
hexane 653 0.290 Viswanath 0989) 
toluene 866 0.558 Lide (1991) 
carbon-tetrachlor 1594 0.908 Lide (1991) 
ethanol 785.9 1.074 Lide (1991) 
1-butanol 807 2.57 Lide (1991) 
dibutylphthalate 1041.9 16.2 Lide (1991) 
diethylhexylphthalat e 980.4 57.4 * 
baysilon M 100 964.1 95.2 * 
baysilon M350 967.4 329.9 * 
baysilon M500 968.9 482.8 * 
glycerole 1258.8 906.0 * 
baysilon M 1000 969.5 938.5 * 
with Cl = M'  cos/K, C2= Ucos/K and C3 = Dcos/K. 
Now the calibration procedure is as follows: 
1) A set of Newtonian fluids is chosen as standards for 
the calibration. These fluids are listed in Table 4. 
2) For each fluid, R and (o are measured as a function of 
the angular frequency. From a fit of R cos q~ and R sin ~o 
as a function of the frequency according to Eqs. (42a) 
and (42b) the values for co s, Co and C1 are determined. 
In Fig. 5 R sin ~o is plotted as a function of the frequen- 
cy. Figure 5 a shows in detail the approximate sinusoidal 
behavior from 0 up to 50 Hz for a selection of the calibra- 
tion fluids. As for different viscosities the value of Co is 
different, the slope at zero frequency of the curves in- 
creases with increasing viscosity. The lines represent the 
fits of Eq. (42b). For low viscosities the data points 
deviate from the fit at frequencies above approximately 
10 Hz as can be seen in the enlarged Fig. 5b. For these low 
viscous fluids the gap-loading limit does not hold any- 
more at these frequencies. No measurements have been 
carried out in the range 28-35  Hz, because in this range 
scatter in the measurements occurs, probably due to a tor- 
sional resonance of the system. 
In Fig. 6, R cos (p is plotted as a function of the fre- 
quency for the same fluids. As the constants cos and C1 
do not depend on the viscosity this yields approximately 
a single curve to Which all data can be fitted. The reason 
that not all data points lie on a single curve is due to the 
different densities which affect M'.  This is a small effect 
and can be taken into account, but will not be discussed 
here. The constant cos has been determined with 
Eqs. (42a) as well as (42b). 
3) Repeating procedure 2 for all fluids gives information 
concerning the reproducibility of the constants cos and 
C1. Furthermore, different values for Co are obtained for 
different fluids. As Co is of the form 
Co = C2r/'+C3 , (43) 
25 
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Fig. 5 a) R sin ~0 as a function of the frequency for the calibration 
fluids, b) R sin ~0 expanded y axis. • Ethanol, • 1-butanol, • di- 
butylphthalate, • diethylhexylphthalate, ¢ baysilon M100 
and since the viscosity of the calibration fluids is known, 
a fit yields the constants C 2 and C3 for the calibration 
fluids (see Fig. 7). The data point of air has not been used 
in the fit procedure because of its inaccuracy. The fit ap- 
proximates all data points within 2% and holds for vis- 
cosities in the range from 0.1 to 1000 mPas. 
4) Knowing the constants CI, C 2 and C3, the constants 
K/U  (= cos/Cz) , D /U  (= C3/C2) and M' /  U (= Cj  C2) , 
are calculated. The results are listed in Table 5. Here it has 
to be remarked that it is not possible to calculate the 
physical constants K, m, M',  Uand D separately with this 
method, however, if one of these constants is determined 
from a different procedure, then it is possible to deter- 
mine all the others. For instance the mass M or the spring 
constant K can be determined with a balance and U can 
be calculated theoretically. I f  one of these values is in- 
serted the others are found to be consistent with the 
dimensions of the instrument, and so with the calculated 
Fig. 6 R cos q~ as a function 
of the frequency the calibra- 
tion fluids. • ethanol, 
& 1-butanol, • dibutyl- 
phthalate, • diethylhexyl- 
phthalate, t baysilon M100 
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Table 5 Numer ica l  va lues  o f  the  phys ica l  constants .  U is  ca lcu la t -  
ed  f rom the  d imens ions  o f  the  ins t rument  
Parameter Value 
K~ U 0.810 _+ 0.005 N/m 2 
D/U (3.1 +0.5). l0 -5 N-s 
M' /U  (3.72 + 0.03)" 10 -4 kg/m 
co s 186.5+0.7 s -1 
U 98.3 m 
value of U. This means that the influence of the finite 
length of the cylinder, the so-called end effects, on the 
value of Uis less than the accuracy with which the param- 
eters can be determined. 
After calibration, the viscosity t/* = G*/(ico) can be 
calculated from (R, (o) with Eq. (40): 
K R sin ~o D 
U cos sin (o)/cos) U 
K R cos ~o-cos (co/COs) M '  
U cos sin (a#COs) U 
(44) 
Measurement range 
The measurement range depends both on the limits of ap- 
plicability of Eq. (44) and the sensitivity of the LVDT's 
used. An impression of the validity of Eq. (44) can be 
given by considering the series expansion for the impe- 
dance Z*. It is possible to calculate the change in viscosity 
(A ~ *) if the a2 term is taken into account. From Eq. (28) 
it can be derived that 
Fig. 7 Coefficient C o as a 
function of r/'. The [] in- 
dicate the value obtained for 
air 10 z 
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Z* = U(tl* +iai +az/r/*) , (45) 
with a l=(a JCto )pco(b -a )  2 and az=(az/ao)pZco 2 
(b -a )  4. 
The last term is the first higher order approximation 
term to be taken into account. So up to and including first 
order, it follows from Eq. (45) that 
Z* 
rl * = - -  - iai , (46) 
U 
which is equivalent with Eq. (44). Taking into account he 
a2 term it easily follows that the correction term becomes 
At / *= -a2/11" , so the relative error due to the gap- 
loading approximation can be estimated: 
At /*  _ la2[ (47) 
7-  I; ai 2 
If an accuracy of [ A ,/*! ,/* [ < 6 is required, the follow- 
ing equation holds: 
It/* I >_Av , (48) 
where A = (a2/a0)l/22 np(b -  a)2/6 and v is the frequen- 
cy. If a density of p = 103kg/m 3 is assumed and 
6 = 10 -2, then A = 5.10 -4 Pas/Hz. 
Apart from the systematic errors due to deviations 
from the gap-loading limit also the finite resolution of the 
detectors influences the accuracy of the values obtained 
for the viscosity. Studying the cross-correlation technique 
applied, one concludes that R and ~0 are to be considered 
as independent variables which can be determined from 
the experimental data up to an accuracy of 
where n is the number of points taken in the cross-correla- 
tion and A ~m and A ~¢ are the uncertainties in the mea- 
sured values of the momentary exciter and cylinder 
displacement, respectively. A ~m is assumed to have the 
same value for all sample points as is Age. From 
Eq. (44), one obtains for the uncertainty in 1/' and I/": 
6rl' = KR/  (Uco s sin (co/cos)) 
• [sin 2 (p (6R/R)2  + cos 2 ~o (a ¢p)2] i/2 
6*1" = KR/  (Ucos sin (re~cos)) 
• [cos 2 (/9 (6R/R)2  -k- sin 2 (a (6 ~o )2] 1/2 
and with Eq. (49): 
6~I' = KR/(UCOs sin (og/ COs) dR/R  
6Jl" = KR/ (Ucos  sin (eo/cos) )6R/R  , (50) 
which leads, with R = r ( ° ) /#  °) to ~m - '.~c 
6*1' = 6t1" - 
KR 1 
Ucos sin (co/cos) (~) 
, I2  ((A ~m)2+R 2 2 ~)I/2 (51) 
In principle, experiments are performed at constant Y0 
so ~0) = c.y ° and ~(m °) = Rc'7o,  where c is a geometrical 
constant. But for R>(mm/(C'yo)  in which (mm is the 
maximal displacement of the exciter shaft, y will de- 
crease: y=(mm/(Rc)<yo . With the equations given 
above, one is able to calculate 6r/'(t/', r/", co, Y0) once the 
values for A~m , A~c and n are known. For the instru- 
ment described, A~m • 3-10-7m and A(c= 3.10-7m. 
These values have been obtained from the variations on 
the LVDT output signals as observed on a monitor scope. 
The number of data points sampled per period is about 
n = 1000 for both signals. We calculated the relative rror, 
&/ ' / [ , /*  [, in the frequency range 0.001 < col2n < 50 Hz 
for different values of 70 between 0.0032 and 3.2. In 
these ranges the calculated relative error depends on 
1,/* ], co and Y0 but not on ~/'/1/". From this calculation 
the upper and lower bound of the viscosity as a function 
of the frequency have been obtained for which the accura- 
cy of the results is better than 5070 (see Fig. 8). 
In Fig. 9 the calculated accuracy in r/' and r/" accord- 
ing to Eq. (51), for diethylhexylphthalate is compared 
with the measured reproducibility for different values of 
Y0. It can be observed that the calculated behavior is in 
agreement with the measurements. 
Results 
After the calibration of the instrument a number of tests 
and measurements was carried out. Here some frequency 
and shear rate-dependent results will be presented for 
Newtonian fluids as well as for a polystyrene solution in 
toluene and a dispersion of charged latex spheres in water. 
Newtonian liquids 
As a demonstration of the capabilities of the instrument 
measurements of a number of Newtonian liquids are 
shown. In Fig. 10 the complex viscosity of ethanol, l-bu- 
tanol, dibutylphthalate (DBP) and diethylhexylphthalate 
(DEHP) as a function of the frequency are given. For the 
low viscosities (Fig. 10a), the measurements start to 
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Fig. 8 The upper and lower bound for ] r/* 1 as a function of the 
frequency for which dt/'/l~/* [ <0.05. 70 = 0.0032 (a), 0.01 (b), 
0.032 (c), 0.1 (d), 0.32 (e), 1.0 (f) and 3.2 (g). Also indicated is the 
gap-loading limit in the lower right corner (solid line) 
deviate from the expected behavior at low frequencies 
(v<0.02Hz)  due to the finite resolution of  the instru- 
ment and above about 15 Hz the gap-loading limit does 
not hold anymore. Moreover, a sharp resonance of the 
measuring system, probably due to the geometry of  the 
spring used, occurs at 32 Hz. For the higher viscosities 
this resonance is suppressed effectively and the applicable 
frequency range is much more extended (see Fig. 10b). 
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Fig. 11 Viscosity q' and t/" 
as a function of the frequency 
at 9) = 125 s -1 at 7 ~ 3.2, (O) 
t/', ( t )  r/" and y-= 0.064, (Vq) 
,7' ( I )  t/". Lines indicate the 
literature values 
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These measurements were performed with a deformation 
amplitude of y = 3.2. If necessary, measuring at low fre- 
quencies can be improved by using a spring with a lower 
spring constant. 
In Fig. 11 measurements of the complex viscosity of 
DEHP as a function of the frequency are given, simulta- 
neously shearing at a steady shear rate of 125 s -1. The 
measurements are done at two deformation amplitudes: 
y = 3.2 and ?; = 0.064, respectively. From this figure the 
linear behavior of the instrument can be observed. 
The errors in the complex viscosity at the lower defor- 
mation amplitude are due to the resolution of the instru- 
ment except for the measurements at about 1 Hz. These 
errors are caused by a small misalignment of the rotating 
drive shaft which supports the cup. At a shear rate of 
125 s -1, the rotation frequency of the cup equals 1.5 Hz 
and in this frequency range the cross-correlation tech- 
nique fails to filter out the rotatory disturbance. 
Polymer solution 
A solution of 0.6 wto70 polystyrene in toluene is used as a 
demonstration of a ~/* ()),co) measurement of a visco- 
elastic and shear thinning liquid. The polystyrene with a 
molecular weight of 26. l06 was obtained from Waters 
ass., Milford and the toluene, 99°7o pure, from Merck. In 
Fig. 12 the real and imaginary part of the complex 
viscosity, measured at a number of fixed frequencies has 
been plotted as a function of the applied shear rate. All 
measurements were performed in the linear viscoelastic 
regime. As can be seen in Fig. 12 both r/~(?),co) and 
r/'_~0 j, co) decrease with increasing shear rate. 
The complex viscosity as a function of the frequency 
for a dilute polymer solution can be described by (Ferry, 
1980) 
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Fig. 12 Viscosity of polystyrene in toluene 1%. a) r/', b) r/" as a 
function of shear ate. Frequencies correspond with: (+) 0,01 Hz, 
(&) 0.02Hz, (o)  0.05 Hz, (+) 0AHz, (A) 0.2Hz, (e )  0.5 Hz, 
(V) 1.0Hz, ( O ) 2.0Hz, ([~) 5.0Hz and (V) 10Hz 
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Fig. 13 The longest relaxation 
time of  the polymer solution 
as a function of the shear rate 
10 "1 
10  -2 
10  -3 
1 0 -4 
i0-I 10 o 10 a 102 
shear rate [s-q 
N Gp'gp 
t/*(co)=t/'+ E , (52) (a) 
p=l  l+icorp 
I01 
10 o 
where t/" is the real part of  t/* (co) at infinite frequency, 
N the number of relaxation times involved and Gp and rp ~; 
are the relaxation strength and time, respectively. In case ~ ~0-, 
of  Rouse-like behavior the relaxation times and strengths 
are coupled according to zn = zln -2 and G n = G 1. The 
measurements of  1/~ (?), co) at fixed shear rates can be fit- lO~ 
ted very well with this model. The resulting parameters 
will depend, of  course, on the shear rate. The resulting 
longest relaxation time zl (P) as a function of  the shear lO -3 
rate is given in Fig. 13. This dependence can be described l°a 
as: rl(?)) = rl(~) = 0).exp (c?)) with c = -0 .84  s. In the 
case of orthogonal superposition the limit 
t/* (?), co~0)  = t/(?)) must hold. Indeed the 
t/'(?),co = 0.01 Hz)  curve in Fig. 12a resembles the r/(?)) 
behavior very closely: the same value for 17 (~0)  and the ~o, 
same slope for ?)> 1 s-1. (b) 
Ordered polystyrene latex 
Another example of  G*  (?),co) measurements on a com- 
plex fluid is given in Fig. 14. The investigated system is a 
monodisperse polystyrene latex dispersion in water. The 
volume fraction is 0.2, the particle diameter is 490 nm and 
the surface charge density is about -5  ~tC/cm 2. The 
ionic strength of the water is about 10 -5 N. Due to the 
surface charge and the low ionic strength the particles 
order in a crystal lattice. 
In Fig. 14 the real and imaginary part of  the complex 
shear modulus as a function of  the frequency at a number 
of fixed shear rates is given. As can be seen from this 
figure the behavior at zero shear rate is solid-like, e.g., 
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Fig. 14 The dynamic shear moduli of an ordering polystyrene latex 
dispersion at a volume fraction of 20% for ~) = 0.0 (rN), 0 .0625 (A) ,  
0 .625 (©)  and  6.25 (V)  s -1 
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Dynamic viscometer for measuring G * in a steady shear flow 
G '0 )= 0,09) is almost independent of the frequency, 
while G"(~ = 0,09) is much smaller than G'(2)= 0,co). 
With increasing shear rate the structure is gradually 
broken down, resulting in a lower and now frequency- 
dependent storage modulus. Further analysis and discus- 
sion of these results will be published elsewhere. 
Conclusions 
A new instrument by which the viscoelastic properties of 
complex fluids can be measured has been developed. 
Measurements are carried out by applying a harmonic 
shear deformation. It is possible to apply simultaneously 
a small harmonic deformation orthogonal to a steady 
shear flow. The instrument has been calibrated for fluids 
in the range of 0.3 mPas up to 1 Pas and in this range the 
calibration is accurate within 2%. The sensitivity with 
respect to existing instruments has been improved as 
fluids with a typical viscosity of 1 mPas can be measured 
at harmonic shear deformation frequencies down to 
0.01 Hz and fluids with a viscosity of 20 mPas and larger 
can be measured even down to 0.001 Hz. Shear deforma- 
tions as small as 0.005 can be applied and the steady shear 
rate can have a value from zero up to 125 s -1. The per- 
formance of the instrument is demonstrated with mea- 
surements on a number of Newtonian liquids as well as 
a viscoelastic polymer solution and an ordered latex 
dispersion. The measurements on the latter two systems 
show that interesting new phenomena concerning the 
flow behavior of complex fluids can be studied with this 
instrument. 
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